Stress-related variation in the intrauterine milieu may impact brain development and emergent function, with long-term implications in terms of susceptibility for affective disorders. Studies in animals suggest limbic regions in the developing brain are particularly sensitive to exposure to the stress hormone cortisol. However, the nature, magnitude, and time course of these effects have not yet been adequately characterized in humans. A prospective, longitudinal study was conducted in 65 normal, healthy mother-child dyads to examine the association of maternal cortisol in early, mid-, and late gestation with subsequent measures at approximately 7 y age of child amygdala and hippocampus volume and affective problems. After accounting for the effects of potential confounding pre-and postnatal factors, higher maternal cortisol levels in earlier but not later gestation was associated with a larger right amygdala volume in girls (a 1 SD increase in cortisol was associated with a 6.4% increase in right amygdala volume), but not in boys. Moreover, higher maternal cortisol levels in early gestation was associated with more affective problems in girls, and this association was mediated, in part, by amygdala volume. No association between maternal cortisol in pregnancy and child hippocampus volume was observed in either sex. The current findings represent, to the best of our knowledge, the first report linking maternal stress hormone levels in human pregnancy with subsequent child amygdala volume and affect. The results underscore the importance of the intrauterine environment and suggest the origins of neuropsychiatric disorders may have their foundations early in life.
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developmental programming | fetal origins | hypothalamus-pituitaryadrenal axis | depression | emotion regulation M any common complex neuropsychiatric and neurodevelopmental disorders that confer the major burden of mental illness in society are characterized by altered brain anatomy (1, 2) . Growing evidence suggests that the origins of many of these anatomic alterations can be traced back to the intrauterine period of life, when the developing embryo/fetus is influenced by environmental conditions during sensitive periods of cellular proliferation, differentiation, and maturation to produce structural and functional changes in the brain and peripheral systems [i.e., the concept of fetal programming (3)]. One key tenet of the programming hypothesis is that biological systems undergoing rapid developmental changes are particularly vulnerable to organizing and disorganizing influences (3) . Human brain development begins early in gestation, occurs over a protracted period, and follows a rapid, orchestrated chain of partially overlapping ontogenic events, including neuronal proliferation, migration, differentiation, synaptogenesis, myelination, and pruning. A very recent landmark study of the whole-genome transcriptome of tissues from key human brain regions from embryonic and fetal life through birth, childhood, adolescence, and adulthood demonstrated that genes associated with neurodevelopmental processes are robustly expressed starting in the embryonic period, and that expression continues at a very high rate during the fetal and infant periods of life (4) . Therefore, it is likely that the intrauterine milieu can influence neurodevelopmental trajectories. These effects may independently or in conjunction with other factors (genotypic variation, postnatal conditions) impact subsequent long-term susceptibility for various neuropsychiatric disorders (5) .
The amygdala and hippocampus have received particular attention in the context of developmental programming because they develop at an early embryonic stage (6, 7), they are associated with a range of neurodevelopmental and psychopathological disorders (1, 2), and they are believed to be particularly sensitive during development to elevated levels of glucocorticoids (8) . Intrauterine conditions that affect these structures and also are associated with increased risk for neuropsychiatric disorders include infection (9), maternal undernutrition (10, 11) , unhealthy maternal behaviors such as smoking or alcohol or drug use (12) (13) (14) , and excessive maternal stress exposure (15) . We and others have suggested that glucocorticoids (cortisol in humans) may play a salient role in this process (16) (17) (18) . First, cortisol, the end-product of the hypothalamic-pituitary-adrenal (HPA) axis, is known to exert a wide array of metabolic, endocrine, and immune effects on most if not all cells (19, 20) , and is known to play a key role in events underlying the development of the brain and other organ systems (16) . Second, cortisol is one of the primary biomarkers of the physiologically stressed state because its production, bioavailability, and activity is altered by all adverse conditions that have been shown to program the developing brain (17) . Thus, although glucocorticoids play an essential role in normal brain development, abnormal or inappropriate levels, particularly during sensitive periods, may induce neurotoxicity with detrimental long-term consequences (21) . Interestingly, a very recent study showed that elevated maternal cortisol concentrations during pregnancy were associated with reduced fetal brain growth, as measured by ultrasound (22) .
Evidence in humans and animals indicates that intrauterine exposure to elevated glucocorticoids increases risk for affective disorders (23) . In humans, prenatal exposure to elevated levels of endogenous maternal glucocorticoids (24) (25) (26) and the administration of synthetic glucocorticoids (27) (28) (29) (30) is associated with HPA axis dysregulation, internalizing behavior, and social anxiety. Exposure to elevated glucocorticoids during gestation may increase vulnerability to affective disorders by altering the development of the hippocampus and amygdala, regions that play a role in the development of affective disorders (1, 31) and are especially susceptible to glucocorticoids (32) . Although not directly tested in humans, there is substantial evidence in rodents and nonhuman primates that maternal stress exposure during gestation has adverse consequences for the developing hippocampus (33, 34) and amygdala (35) . These effects on the nervous system appear to be mediated by stress-induced increases in maternal glucocorticoids (36, 37) .
The objective of the present study was to prospectively examine the association between maternal cortisol concentrations over the course of gestation with subsequent measures of child hippocampus and amygdala volumes and affective function. More specifically, we tested the hypotheses that (i) maternal cortisol concentrations especially in early gestation would be associated with child hippocampus and amygdala volume and affect, and (ii) the association between maternal cortisol and child affect would be mediated, in part, by its effect on limbic structure anatomy.
Results
Maternal Cortisol over the Course of Gestation. Maternal cortisol increased progressively in a linear manner over gestation [F (2.2, 59.9) = 53.4, P < 0.001]. There was no difference in maternal cortisol level at any stage in gestation between mothers with female vs. male fetuses (all P > 0.10).
Volumes of Child Hippocampus and Amygdala. Mean volumes of the child hippocampus and amygdala are depicted in Table 1 . Because manual segmentation of these brain regions was performed in standard stereotaxic space, these volumes take overall differences in brain size into account. Volumes of these structures were not different between boys and girls (all P > 0.2).
Child Affective Problems. The T-scores on the child affective symptoms subscale of the Child Behavior Checklist (CBCL) ranged between 50 and 70 (mean ± SD, 52.7 ± 4.9). Girls and boys did not differ in affective symptom scores (P = 0.72).
Associations Between Maternal Cortisol in Pregnancy and Subsequent
Measures of Child Brain Volumes. Maternal cortisol in early gestation and child brain volumes. The results of the multivariate regression analyses depicting associations between maternal cortisol in early gestation and child brain volumes are provided in Table 2 . Although the point estimates, SEs, and corresponding P values for the cortisol effects are presented separately for girls and boys, these estimates were obtained in the same model using the main effect of cortisol along with its interaction effect with sex, as described in Materials and Methods section and SI Materials and Methods. Higher maternal cortisol levels at 15 wk gestation was associated with larger right amygdala volumes among girls (1.06 ± 0.46; P = 0.02, q = 0.025; Fig. 1, Table 2 ). A one-unit increase in cortisol was associated with a 1.06-cm 3 increase in right amygdala volume, which translates to a 0.11-cm 3 (6.4%) increase in right amygdala volume with a 1-SD (0.06 μg/dL) increase in maternal cortisol at this gestational stage. The same regression analysis performed without the imputed missing cortisol values procedure revealed similar results (1.34 ± 0.55; P = 0.02), supporting the validity of the multiple imputation method. The interaction effect between maternal cortisol at 15 wk gestation and sex also was significant (P = 0.027; not shown in Table 2 ). Maternal cortisol at 15 wk gestation was not associated with left amygdala volume or right or left hippocampus volume in girls. In boys, maternal cortisol concentrations at 15 wk gestation were not associated with left or right amygdala volume (Fig. 1) , but there was a trend for higher maternal cortisol levels at 15 wk being associated with smaller left (−1.18 ± 0.61, P = 0.06) and right hippocampal volume (−1.13 ± 0.66, P = 0.09). Exploration of time of gestation-specific cortisol associations with child brain volumes. The results for the estimates of the regression coefficients for area under the curve 1 (AUC 1 ; controlling for the effect of cortisol at 15 wk gestation) and AUC 2 (controlling for the effect of AUC 1 ) are presented in Table 3 . These measures of cortisol, representing estimates of effects of average maternal cortisol concentrations during the second and third trimesters of gestation adjusted for earlier cortisol levels, were not significantly associated with child brain volumes.
Measures of Child Affective Problems. The association between maternal cortisol at 15 wk gestation and subsequent measures of child affective problems was assessed adjusting for the pregnancy, maternal, and child characteristics listed below. Higher maternal cortisol concentrations at 15 wk gestation were associated with more affective problems among girls (26.6 ± 13.0; P = 0.04; Fig. 2 ). Maternal cortisol in early gestation was not related to affective problems among boys (0.14 ± 7.9; P = 0.98; Fig. 2 ), and maternal cortisol in mid-and late gestation was not related to affective problems in girls or boys after accounting for the variance in maternal cortisol in early gestation (all P > 0.9).
Given these associations of maternal cortisol in early gestation with right amygdala volume and with affective symptoms in girls, we assessed the association between right amygdala volume and affective symptoms in girls. In girls, right amygdala volume was significantly and positively associated with affective symptoms (r = 0.39, P = 0.02). We next assessed whether the association between maternal cortisol in pregnancy and child affective symptoms was mediated by right amygdala volume. After adjusting for the effect of right amygdala volume, the association between maternal cortisol in early gestation and child affective problems in girls was no longer statistically significant (23.0 ± 13.7; P = 0.1). Because it is also possible that presence of affective problems can influence brain anatomy, we examined the association between maternal cortisol in early gestation and right amygdala volume in girls, adjusting for the effect of maternal cortisol on affective symptoms. This analysis demonstrated there was no change in the observed relationship (between maternal cortisol and amygdala volume, 0.97 ± 0.48; P = 0.04). Thus, taken together, these analyses support our hypothesis that the pathway linking maternal cortisol with child affect may be mediated, in part, by the effect of maternal cortisol on amygdala volume.
Discussion
The present findings represent, to the best of our knowledge, the first report linking maternal stress hormone levels in human pregnancy with subsequent volume of the amygdala and affective problems in childhood. Specifically, higher maternal cortisol concentrations in early gestation were associated with larger right amygdala volume in girls at 7 y of age. The effect was significant after controlling for the potential confounding effects of other pregnancy, birth, and concurrent child and maternal characteristics, including maternal depression. The magnitude of the effect is substantial, with a 1-SD increase in maternal cortisol being associated with an approximate 6.4% increase in the size of the right amygdala. The potential clinical significance of our finding is underscored by previous observations that the difference in amygdala volume between clinically depressed patients and healthy comparison volunteers is approximately 13% (38). Values presented as mean ± SD. Our results also demonstrate an effect of maternal cortisol level in early gestation on affective problems in girls, and suggest that this association is mediated, in part, by their cortisol-associated larger right amygdala volume. Last, our results suggest this effect is specific to maternal cortisol in early but not later gestation, and that it is moderated by fetal/child sex. Implicit in this study is the premise that, during pregnancy, cortisol levels in the maternal compartment are an indicator of fetal glucocorticoid exposure. This premise is supported by several plausible pathways. Direct fetal exposure to maternal cortisol is regulated by the placental enzyme, 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2), which oxidizes cortisol to its inactive form cortisone (39, 40) . Because placental 11β-HSD2 serves only as a partial barrier, some proportion of active maternal cortisol does pass through the placenta into the fetal compartment (41) . Interestingly, many adverse intrauterine conditions that have been associated with impaired fetal brain development also have been associated with a down-regulation of placental 11β-HSD2 activity, including high maternal anxiety (42) , severe infection (43), high levels of proinflammatory cytokines (44) , and alcohol exposure (45) . Another plausible pathway by which maternal cortisol can produce elevations in fetal cortisol level is by stimulating and thereby increasing the production of placental corticotrophin-releasing hormone (46) (47) (48) , which is known to act on the fetal HPA axis and stimulate adrenal steroid biosynthesis. Finally, a small number of human studies that have obtained paired maternal and fetal plasma samples during gestation (49) or paired maternal and cord blood samples at delivery (50) have reported significant correlations between maternal and fetal/newborn concentrations of cortisol.
The amygdala regulates a variety of emotions, including fear, depression, and anxiety, and plays a major role in emotional memory processing and reactivity of the HPA axis to stress (31) . Exposure to high levels of stress in early postnatal life has been associated with altered development and function of the amygdala. For example, orphanage rearing is associated with an atyp- Values presented as β ± SEM. Sex-specific associations between maternal cortisol concentrations and child brain volumes were assessed by including an interaction term between maternal cortisol in pregnancy and sex of the child. All regression analyses were adjusted for obstetric risk, length of gestation, birth weight percentile, child age, sex, handedness, and maternal depression at child follow-up. Significant P values were adjusted for multiple testing and q-values are presented that represent the minimum false-discovery rate that is incurred when calling a test significant. The following regression model was applied. Child brain volume = β 0 + β 1 * maternal cortisol at 15 wk gestation + β 2 * sex + β 12 * (maternal cortisol at 15 wk gestation * sex) + β 3 * obstetric risk + β 4 * birth weight percentiles + β 5 * length of gestation + β 6 * maternal depression at child assessment + β 7 * child age at MRI assessment + β 8 * child handedness. Note that, by setting sex = 0 for girls, the estimate of β 1 provides the expected change in brain volume corresponding to one unit increase in maternal cortisol among girls. By setting sex = 1 for boys, the estimate of β 1 + β 12 provides the expected change in brain volume corresponding to one unit increase in maternal cortisol among boys. Values presented as β ± SEM. Sex-specific associations between maternal cortisol concentrations and child brain volumes were assessed by including an interaction term between maternal cortisol in pregnancy and sex of the child. All regression analyses were adjusted for obstetric risk, length of gestation, birth weight percentile, child age, sex, handedness, and maternal depression at child follow-up. The following regression model was applied. Child brain volume = β 0 + β 1 * maternal cortisol 1 + β 2 * sex + β 12 * (maternal cortisol 1 * sex) + β 3 * obstetric risk + β 4 * birth weight percentiles + β 5 * length of gestation + β 6 * maternal depression at child assessment + β 7 * child age at MRI assessment + β 8 * child handedness" + β 9 * maternal cortisol earlier in gestation 2 .
( 1 AUC 1 in model 1 and AUC 2 in model 2; 2 Maternal cortisol concentrations at 15 wk gestation in model 1 and AUC 1 in model 2.) Note that, by setting sex = 0 for girls, the estimate of β 1 provides the expected change in brain volume corresponding to one unit increase in maternal cortisol among girls. By setting sex = 1 for boys, the estimate of β 1 + β 12 provides the expected change in brain volume corresponding to one unit increase in maternal cortisol among boys. ically large amygdala and increased incidence of anxiety disorders (51, 52) , and maternal depression in the postnatal period is associated with larger amygdala volumes in preadolescent children (53) . The findings of the present study extend the developmental window of susceptibility to stress-related environmental conditions on the developing amygdala from the postnatal to the early prenatal period of life.
We found a significant association between maternal cortisol levels in gestation and the volume of the child's right but not left amygdala. This is consistent with previous evidence for an association between high anxiety and larger right amygdala volume (54) and right amygdala hyperactivity (55) . A "valence" model has been discussed in this context (56) , which suggests that negative emotions are predominantly processed in the right but not left amygdala, thereby supporting a specific role of the right amygdala in affective disorders.
Concentrations of maternal cortisol during pregnancy were not related to subsequent measures of hippocampal volume in the 7-y-old children in the present study. This pattern of enlarged amygdala but unaltered hippocampus volume is consistent with studies of orphanage rearing and exposure to maternal postnatal depression (51) (52) (53) . The similarity between the pattern of our findings and those from previous studies raises the question of whether the amygdala may be more susceptible than the hippocampus to stress and elevated glucocorticoid exposure. Although evidence in animals indicates that exposure to prenatal stress or excess glucocorticoids in gestation impairs the development of the hippocampus (34, 57) , it is possible that the consequences of in utero stress exposure on the hippocampus may emerge only at later stages (e.g., during puberty or aging), or upon additional exposure to postnatal stress (58-60). Furthermore, it has been suggested that, after exposure to insults, the hippocampus, but not the amygdala, has a high capability for regeneration (61) . Also, we note that, in boys, a statistical trend was observed for higher maternal cortisol concentrations at 15 wk gestation being associated with smaller hippocampal volumes. This trend needs to be further explored in larger samples.
Higher maternal cortisol concentration in pregnancy was associated with larger amygdala volumes and more affective problems in girls but not boys. The distribution of maternal cortisol, amygdala volume, and affective problems did not differ across girls and boys. The fact that a similar concentration of cortisol is associated with different consequences in boys and girls suggests a sex-specific programming effect, i.e., the same environmental cue is not associated with the same outcome in boys and girls. There are several examples in the animal and human literature to suggest many prenatal insults produce outcome-specific sexually dimorphic developmental consequences (33, 60, (62) (63) (64) . Mechanisms that have been discussed in this context include the presence of sex-specific placental adaptation to stress exposure (65) and the notion of increased susceptibility of the female brain to its milieu given the more rapid neurodevelopmental trajectory in females compared with males (66, 67) .
We found that maternal cortisol concentrations in early but not later gestation were associated with the size of the child's amygdala. This observation is consistent with the concept that exposure to potentially adverse conditions in earlier periods of brain development may produce more pronounced consequences than identical or equivalent degree of exposures in later periods (68) . In terms of the development of the amygdala structures, it is established that, in humans, all major nuclear masses within the amygdaloid complex are already formed by 15 wk gestation, and that cytoarchitectonic parcellation of the lateral amygdaloid nucleus is occurring at this time (69). Furthermore, the expression level of genes supporting cell proliferation and neuron differentiation is higher during early fetal developmental stage than at any other period in prenatal or postnatal life, and genes sustaining gliogenesis are also being robustly expressed in the amygdala (4).
Thus, excess levels of glucocorticoid exposure during this developmental period may have stable and permanent consequences by decreasing cell proliferation and neuronal differentiation and increasing gliogenesis (70) , which, in turn, may account for the larger amygdala volumes observed in the context of excess prenatal glucocorticoid exposure (35) . These findings are consistent with extensive evidence of chronic stress being associated with larger adult amygdala volumes as a result of hypertrophy of nerve cells in the amygdala (71) .
In terms of the association between maternal and fetal cortisol concentrations across gestation, it is possible that, in humans, measures of maternal cortisol in early gestation may more closely reflect fetal levels than measures of maternal cortisol in later gestation. Cortisol levels in the fetal compartment represent the sum of that proportion of maternal cortisol that has crossed the placenta and the cortisol produced by the fetal adrenal gland. Although the human fetal adrenal gland develops and is active from very early gestation onward, it is believed that it is only after approximately 22 wk gestation that fetal adrenal cortisol is produced in appreciable quantities (72) . Thus, in early gestation, cortisol of maternal origin may represent the primary source of cortisol in the fetal compartment. The implication of this important feature of maternal-placental-fetal endocrine physiology is not only that measures of maternal cortisol in early gestation may serve as a better marker of fetal cortisol concentrations than measures of maternal cortisol in mid-or late gestation, but more importantly that variations in maternal cortisol in early gestation may produce larger variations in fetal cortisol then the same degree of variation in maternal cortisol in later gestation, when the fetal adrenal is active in terms of de novo cortisol production and feedback regulation.
The present findings are highly relevant because they provide evidence for a brain structure-function relationship, because larger right amygdala volume was associated with more affective problems, and the association between high maternal cortisol in gestation and subsequent affective problems in the child was mediated by a larger amygdala volume. A causal inference cannot be made from the present finding because the temporal sequence of events is unknown (i.e., whether the larger amygdala volume preceded emergence of affective problems) and will require the conduct of longitudinal studies that include serial assessments of brain structure and function from birth onward. We are currently conducting such studies. Additional strengths of our present study include the prospective design with repeated measures of maternal cortisol over gestation and manual segmentation of all child brain magnetic resonance images by a highly reliable rater. This may be especially important for the assessment of amygdala volumes because it has been suggested that automatic segmentation protocols are less reliable for smaller subcortical structures (73) .
The present findings are consistent with evidence from human studies indicating that exposure to elevated levels of maternal cortisol concentration during gestation is associated with risk factors for affective disorders, including anxious behavior and exaggerated stress reactivity (24) (25) (26) . Our present study relied on naturally occurring variations in maternal biological stress signals and psychological states, rather than experimental manipulations. It is difficult, therefore, to separate the effects of maternal psychological state during pregnancy from the consequences of other factors that might contribute to this association, including genetic factors. Genetically informed study designs involving children conceived by in vitro fertilization who were not genetically related to their mothers provide strong evidence that the environment contributes to poor child mental health (74, 75) . Studies evaluating the consequences of random exposure to extreme stressors during gestation further suggest that prenatal exposure to stress exerts a lasting influence on child development (76-79).
We note that fetal exposure to high levels of cortisol during gestation is a nonspecific marker of subsequent risk for mental and physical health problems. Thus, it is likely that, for any given individual, the risk of developing specific psychopathologic conditions in the context of elevated prenatal cortisol exposure may be influenced by additional factors such as genetic vulnerability, epigenetic alterations, and other environmental exposures (60, 80) . However, we emphasize that the effects of maternal cortisol in pregnancy on child amygdala volume and affective function persisted after controlling for maternal depressive symptoms at the time of assessment of child outcomes.
In conclusion, findings from the present study provide support for the premise that susceptibility for affective disorders may, in part, be programmed in utero, and that this effect may be mediated through changes in anatomy of the amygdala. These results suggest potential clinical significance because they are in accordance with the higher prevalence of affective disorders in women than in men (81) and they point to a plausible etiological pathway. Thus, the results of the present study add to the growing awareness of the importance of the intrauterine environment and suggest the origins of neurodevelopmental disorders may have their foundations very early in life.
Materials and Methods
Participants. Study participants comprised a cohort of mother-child dyads followed prospectively from gestation through childhood. Pregnant mothers were recruited in early gestation from obstetric care provider clinics at two major university medical centers in Southern California. Exclusionary criteria for pregnant mothers included tobacco, alcohol, or other drug use during pregnancy; uterine or cervical abnormalities; or presence of conditions associated with dysregulated neuroendocrine or immune function. Exclusion criteria for children were delivery less than 34 wk gestation, occurrence of any perinatal complications associated with neurological consequences (e.g., hypoxia), and congenital, genetic, or neurologic disorders. The mean age at child assessment was 7.5 ± 0.9 y (SD; range, 6-9 y), and the final sample consisted of 65 mother-child dyads. The study was approved by the institutional review boards of the participating institutions, informed written consent was obtained from all mothers, and informed assent was obtained from all children. The sociodemographic, pregnancy, birth, and maternal and child characteristics of the study population are presented in Table 4 .
Maternal Assessments During Index Pregnancy: Obstetric Risk, Duration of Gestation, and Birth Weight. Obstetric risk was defined as the presence of medical complications in the index pregnancy. Risk conditions were ascertained by extensive medical chart review and coded as a binary variable as previously described (82) . The study population was predominantly (72%) at low risk with respect to adverse birth outcomes. Gestational age was determined by best obstetric estimate with a combination of last menstrual period and early uterine size, and was confirmed by obstetric ultrasonographic biometry before 20 wk using standard clinical criteria (83) . Birth outcomes were abstracted from medical charts after delivery, and birth weight percentiles were computed using national norms (84) . All children included in the study had a stable neonatal course (Apgar scores at 5 min ≥ 8) and had normal neurologic findings at the time of assessment, as determined by MRI.
Maternal Cortisol Concentrations During Pregnancy. Maternal saliva samples were obtained serially using a Salivette sampling device (Sarstedt) at 15 ± 1.0 wk (SD; n = 36), 19 ± 0.8 wk (n = 62), 25 ± 0.9 wk (n = 62), 31 ± 0.9 wk (n = 63), and 37 ± 0.7 wk (n = 50) gestation for measures of maternal cortisol over the course of the index pregnancy. Salivary cortisol levels were determined by a competitive luminescence immunoassay (IBL America). The intra-and interassay coefficients of variance were 5.5% and 7.6%, respectively.
The time of day of saliva sample collection across the different assessments over gestation varied between 9:10 AM to 6:02 PM, with the average time ranging around 2:00 PM. We note, however, that the majority of samples (∼80%) across all gestational time points were, in fact, collected in a fairly narrow afternoon time range. Sample collection before noon took place in only 17%, 10%, 22%, 22%, and 20% of the women at the 15-wk, 19-wk, 25-wk, 31-wk, and 37-wk gestation visits, respectively. It is important to note that the distribution of the collection time at the five different gestational time points was not significantly different [F (4, 272) = 0.767, P = 0.55; Fig. S1 ]. As expected, there was a significant correlation between time of day of sample collection and cortisol concentration (all P < 0.05). For this association, at each of the five time points, the linear model was the best fit compared with higher-order polynomial regression, which included nonlinear terms (all P > 0.10 for nonlinear terms). Therefore, cortisol values at the average time of sample collection (approximately 2:00 PM) across subjects were estimated by applying linear regression models, which is an appropriate way of statistically accounting for the variation in time of day of sample collection. All statistical analyses were performed with these predicted cortisol concentrations (adjusted for time of day of sample collection).
Child Assessments. MRI acquisition. Each child received a 3-T Philips Achieva MRI brain scan. A 1-mm 3 isotropic T1 anatomical scan was acquired in the sagittal plane. An inversion-recovery spoiled gradient recalled acquisition sequence with the following parameters was applied: repetition time, 11 ms; echo time, 3.3 ms; inversion time, 100 ms; turbo field echo factor, 192; 150 slices; sensitivity encoding for fast MRI acceleration; and flip angle, 18°. Processing of MRI data. The native anatomic images were processed before manual volume segmentation to first correct for intensity nonuniformity (85) . All images were then registered into stereotaxic space by using the ICBM 152 template (86) .
Volume analyses of the hippocampus and amygdala were performed by using the interactive software package DISPLAY developed at the Brain Imaging Center of the Montreal Neurological Institute, and a standardized segmentation protocol was applied to outline the anatomical boundaries of the hippocampus and amygdala (87) . All brains were segmented by the same rater with demonstrated interrater reliability (intraclass correlation coefficient > 0.90) and intrarater reliability (>0.92). Child handedness. Child handedness was assessed with a modified version of the Edinburgh Handedness Inventory (88) . The majority (85%) of children were right-handed. Child affective problems. Child affective problems were assessed by using the CBCL (89) subscale that reflects maternal report of affective problems in the child (in accordance with the Diagnostic and Statistical Manual of Mental Values presented as mean ± SD where appropriate.
Disorders IV). The raw sum scores were transferred to T-scores based on the sex-specific reference tables provided in the manual (89) . The Diagnostic and Statistical Manual of Mental Disorders IV-oriented scales of the CBCL are known to correspond well with clinical diagnoses (90, 91) , suggesting it is a reliable screening instrument.
Maternal Assessments at the Time of Child Follow-Up: Maternal Depressive Symptoms. Maternal depressive symptoms at the time of the child assessment were measured by using the Beck Depression Inventory (92) . Because maternal depression may influence her rating of her child on the CBCL (93) as well as her child's amygdala volumes (53) , all statistical analyses between cortisol in pregnancy and child outcomes controlled for concurrent maternal depression. Furthermore, by controlling for maternal depression, we address hereditary transmission of affective problems and focus on the environmental (i.e., maternal cortisol) contribution.
Statistical Analysis. Separate regression models were run for the left and right hippocampus and amygdala and for child affective problems. Cortisol. To account for the diurnal variation of cortisol secretion, all statistical analyses were performed with cortisol concentration adjusted for time of day of sample collection. Maternal cortisol at the first pregnancy assessment at 15 wk gestation was used to represent the cortisol milieu in early gestation. In additional exploratory analyses, the following cortisol measures were used to test time of gestation-specific cortisol associations with child brain volumes: (i) AUC 1 for maternal cortisol from 15 to 28 wk gestation adjusting for cortisol at15 wk, to capture the possible relation between maternal cortisol in mid gestation with child brain volume over and above those of early gestation; and (ii) AUC 2 for maternal cortisol from 28 to 37 wk gestation after adjusting for AUC 1 , to capture a possible association between maternal cortisol in late gestation over and above those of early and mid-gestation. Sex. Because many animal and human studies suggest that fetal/child sex may moderate the effects of pre-or postnatal exposures on developmental outcomes (62, 63, 94) , we included an interaction term between maternal prenatal cortisol and sex of the child in all our statistical models (SI Materials and Methods provides further details).
Covariates. The statistical analyses to test the association between maternal cortisol in pregnancy and child brain volumes were adjusted for the possible effects of several pregnancy-related and birth as well as concurrent maternal and child characteristics, including presence of obstetric complications, duration of gestation, birth weight percentile, maternal depression at child follow-up, and child sex, age at testing, and handedness. The same covariates, with the exception of child's handedness, were included in the analyses testing the association between maternal cortisol in pregnancy and child affective symptoms. Further information is provided in SI Materials and Methods. Multiple imputation. Missing cortisol data were estimated by using the multiple-imputation method (95) . Further details are provided in SI Materials and Methods.
